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This application claims priority under 35 U.S.C. §1 19(e) from co-pending U.S. 
Provisional Patent Application No. 60/273,108, which is incorporated by reference for all 
purposes. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to motors comprising one or more 
electroactive polymers. More particularly, the present invention relates to rotary motors and 
their use in various applications. 



10 

n\ 

g| A motor converts from an input energy to mechanical energy. Most often, the 

^; mechanical energy is output as rotary motion of a shaft, but linear motors for translating a 

I 

shaft are also commonly used. The most common class of input energy for a motor is 
electricity. Electric motors include AC, DC, servo, and stepper motors. Compressed air and 
15 pressurized hydraulic fluid are also used to power air and hydraulic motors. Gasoline or 

diesel engines are another traditional class of motors that rely on combustion of a fiiel. Each 
of these motor classes has advantages and disadvantages that influence their usage. 

For a DC motor, DC current is typically supplied from battery sources. Battery 
voltages are often in multiples of 1.5 volts, with 12 volts being common. DC motors are 
20 made in different electrical configurations, each of which provides a different torque-speed 
relationship that describes how the motor will respond to an applied load at different speeds. 
For a permanent magnet DC motor, torque often varies inversely with speed. Since the 
power available for a DC motor is typically limited, an increase in torque requires a decrease 
in velocity and vice versa. Thus, when a load is applied, the motor must reduce speed to 
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compensate. One solution to the torque-speed problem is to use a 'speed-controlled DC 
motor', which contains a controller that increases and decreases current to the motor in the 
face of changing load to try and maintain a constant speed. These motors are typically 
expensive and may run from an AC source (in which case the controller converts from AC to 
DC). 

AC motors provide continuous rotary motion but usually rely on current supplied by 
power companies. They are limited to a few speeds that are a function of the AC line 
frequency, e.g., 60 Hz in the U.S. The most common AC motor no-load speeds are 1725 and 
3450 revolutions per minute (rpm), which represent some slippage from the more expensive 
synchronous AC motors speeds of 1800 and 3600 rpm. If other outputs speeds are desired, a 
gearbox speed reducer is attached to the motor's output shaft, 

AC and DC motors are designed to provide continuous rotary output. Though they 
can be stalled against a load, many of them will not tolerate a Ml voltage, zero velocity stall 
for an extended period of time without overheating. 

Servomotors are fast response motors using closed loop control capable of providing 
a programmed fimction of acceleration or velocity, or capable of holding a fixed position 
against a load. Thus, precise positioning of the output device is possible, as is control of the 
speed aad shape of its time response to changes in load or input commands. However, these 
devices are very expensive and are conmionly used in applications that justify their cost such 
as moving the flight control services of aircraft. 

Stepper motors are designed to position an output device. Unlike servomotors, these 
are typically open loop, meaning they receive no feedback as to whether the output device 
has responded as requested. While being relatively good at holding the output in one 
position for indefinite period, they often are poor for high speed motion and may get out of 
phase with a desired control, hi addition, these motors are moderately expensive, have a low 
torque capacity, and also require special controllers. 

Most electromagnetic motors must consiraie electrical energy to maintain a force or 
torque. The only exceptions would be motors with preferred magnetic positions such as 
stepper motors that can resist a torque up to the torque that causes rotor slippage. But even 
stepper motors cannot provide a constant static torque at an arbitrary rotor position imless 
power is used. Thus, conventional electromagnetic motors typically use power even to hold 
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a static torque where no external work is done. This is why at stall and low speed conditions 
the efficiency of almost all electromagnetic motors is poor. 

Air and hydrauUc motors have more limited appUcation than electric motors since 
they require the availabihty of a compressed air or hydraulic source. Both these classes of 
motors provide poor energy efficiency due to the losses associated with the conversion of 
energy first from chemical or electrical energy to fluid pressure and then to mechanical 
output. Although individual air motors and air cylinders are relatively cheap, these 
pneumatic systems are quite expensive when the cost of all the ancillary equipment is 
considered. 

In addition to the specific drawbacks discussed with respect to each class of motor, all 
of the above motors classes are generally heavy, bulky and not suitable for many applications 
such as those requiring light weight and/or continuous output. In view of the foregoing. 



J improved systems that convert from an input energy to mechanical energy would be 

%CI desirable. 

0 

15 

W 

SUMMARY OF THE INVENTION 

In one aspect, the present invention relates to a new class of motors and electrical- 
mechanical power conversion systems. The systems comprise one or more electroactive 
polymers that convert between electrical and mechanical energy. When a voltage is apphed 
20 to electrodes contacting an electroactive polymer, the polymer deflects. This deflection may 
be converted into rotation of a power output shaft included in a motor. Repeated deflection 
of the polymer may then produce continuous rotation of the power shaft. 

Alternatively, when an electroactive polymer deflects with an existing charge on its 
surface, a change in electiic field is produced in the polymer. This change in electiic field 
25 may be used to produce electrical energy. Rotation of a power input shaft may be used to 
deflect the electroactive polymer. Continuous rotation of the power shaft may then be used 
to produce continuous electiical energy via the electiroactive polymer. 

In another aspect, the present invention relates to a mechanical-electiical power 
conversion system. The system comprises a power shaft configured to rotate about a fixed 
30 axis. The system also comprises a crank having a crank pin, a crank aim that tiransmits force 
between the crank pin and the power shaft, and a first fransducer coupled to tiie crank pin. 
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The transducer comprises a first active area, which includes at least a first portion of an 
electroactive polymer and at least two first active area electrodes coupled to the first portion 
of the electroactive polymer. 

In yet another aspect, the present invention relates to a mechanical-electrical power 
conversion system. The system comprises a power shaft configured to rotate about an axis. 
The system also comprises a crank having a crank pin, a crank arm that transmits force 
between the crank pin and the power shaft, and a first transducer coupled to the crank pin. 
The transducer comprises a first active area, which includes at least a first portion of an 
electroactive polymer and at least two first active area electrodes coupled to the first portion 
of the electroactive polymer, wherein the electroactive polymer includes pre-strain. 

In still another aspect, the present invention relates to a mechanical-electrical power 
conversion system. The system comprises a power shaft configured to rotate about a fixed 
axis. The system also comprises a crank having a crank pin, a crank arm that transmits force 
between the crank pin and the power shaft, and a first transducer coupled to the crank pin. 
The transducer comprises a first active area, which includes at least a first portion of an 
electroactive polymer and at least two first active area electrodes coupled to the first portion 
of tiie electroactive polymer. Elastic retiim of the electiroactive polymer at least partially 
contributes to rotation of the power shaft. 

In another aspect, the present invention relates to a mechanical-electiical power 
conversion system. The system comprises a power shaft configured to rotate about an axis. 
The system also comprises a crank having a crank pin, a crank arm that transmits force 
between the crank pin and tiie power shaft, and a first transducer coupled to tiie crank pin. 
The transducer comprises a first active area, which includes at least a first portion of an 
electroactive polymer and at least two first active area elecfrodes coupled to tiie first portion 
of tiie electtoactive polymer. The power shaft includes a stall position tiiat is maintained 
with substantially no electrical current to the first active area electrodes. 

These and otiier featires and advantages of tiie present invention will be described in 
the following description of the invention and associated figures. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIGs. 1 A and IB illustrate a top perspective view of a transducer before and after 
application of a voltage in accordance witii one embodiment of tiie present invention. 
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FIG. IC illustrates a monolithic transducer comprising a plurality of active areas in 
accordance with one embodiment of the present invention. 

FIGs. 2A-2C illustrate a linear actuator suitable for use with motors of the present 
invention. 

FIGs. 2D and 2E illustrate a linear actuator suitable for use with motors of the present 
invention. 

FIG. 2F illustrates cross-sectional side view of a multilayer actuator for converting 
from electrical energy to mechanical energy. 

FIGs. 2G-2H illustrate a Unear motion device in accordance with one embodiment of 
the present invention. 

FIG. 21 illustrates a stretched fihn actuator suitable for use with motors of the present 
invention. 

FIGs. 2 J and 2K illustrate a linear actuator suitable for use with motors of the present 
invention. 

FIG. 3 A illustrates a perspective view of a simplified rotary motor in accordance with 
one embodiment of the present invention. 

FIGs. 3B-C illustrate a rotary motor in accordance with another embodiment of the 
present invention. 

FIG. 3D illustrates a top perspective view of a rotary motor in accordance with 
another embodiment of the present invention. 

FIGs. 3E-3F illustrate a top perspective view and a front view, respectively, of a 
transducer configuration for use in a rotary motor in accordance with another embodiment of 
the present invention. 

FIGs. 3G-3H illusfrate a front view and a side perspective view, respectively, of a 
motor comprising a plurality of symmetrically arranged active areas on a monoUthic 
transducer in accordance with one embodiment of the present invention. 
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FIGs. 31 and 3 J illustrate opposite sides of a motor comprising a monolithic 
transducer in accordance with another embodiment of the present invention. 

FIG. 3K illustrates the deflection of a lower potion of the monolithic polymer 
included in the motor of FIG. 31 in accordance with another embodiment of the present 
invention. 

FIGs. 3L-3M illustrate a side view and a front view, respectively, of a motor in 
accordance with another embodiment of the present invention. 

FIG. 3N illustrates a top perspective view of an exemplary motor comprising a 
plurality of cranks arranged substantially equally about a crankshaft in accordance with a 
specific embodiment of the present invention. 

FIGs. 30-Q illustrate a top perspective view, front view, and side view, respectively 
of a rotary motor in accordance with another embodiment of the present invention. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention will now be described in detail with reference to a few 
preferred embodiments thereof as illustrated in the accompanying drawings. In the following 
description, numerous specific details are set forth in order to provide a thorough 
understanding of the present invention. It will be apparent, however, to one skilled in the art, 
that the present invention may be practiced without some or aU of these specific details. In 
other instances, well known process steps and/or structures have not been described in detail 
in order to not uimecessarily obscure the present invention. 



1. OVERVIEW 

In one aspect, the present invention relates to continuous output systems that include 
one or more electroactive polymer transducers. When actuated, a transducer of the present 
invention produces deflection in one or more directions. Repeated actuation of the 
transducer will produce reciprocating motion. Reciprocating motion of a transducer may be 
converted to continuous rotary motion of a power shaft included in a motor. A motor in 
accordance with the present invention comprises one or more transducers configured in a 
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particular motor design. Combining different ways to configure and constrain a polymer 
within a motor, different ways to arrange active areas on a single or multiple polymers, 
different motor designs, scalability of electroactive polymers to both micro and macro levels, 
and different polymer orientations (e.g., rolling or stacking individual polymer layers) 
5 permits a broad range of motors that convert electrical energy into mechanical power. These 
motors will find use in a wide range of applications. 

For ease of understanding, the present invention is mainly described and shown by 
focusing on a single direction of energy conversion. More specifically, the present invention 
focuses on converting electrical energy into mechanical energy. The mechanical energy is 
10 most often described herein as continuous rotary output power or rotary output for a number 
of polymer deflections. However, in all the figures and discussions for the present invention, 
it is important to note that the polymers and systems may convert between electrical energy 
P and mechanical energy bi-directionally. Thus, any of the electroactive polymer systems and 
motor designs described herein can also convert mechanical energy to electrical energy 
(generator mode). Typically, a generator of the present invention comprises a polymer 
W arranged in a manner that causes a change in electric field in response to deflection of a 

portion of the polymer. The change in electric field, along with changes in the polymer 
dimension in the direction of the field, produces a change in voltage, and hence a change in 
electrical energy. 

I 20 For a transducer of the present invention, one mechanism for differentiating the 

behavior of the transducer, or a portion of the transducer associated with a single active area, 
as being an actuator or a generator is based on the change in net area (orthogonal to the 
thickness) associated with the polymer deflection. For these transducers or active areas, 
when the deflection causes the net area of the transducer/active area to decrease and there is 
charge on the electrodes, the transducer/active area is converting firom mechanical to 
electrical energy and acting as a generator. Conversely, when the deflection causes the net 
area of the transducer/active area to increase and charge is on the electrodes; the 
transducer/active area is converting electrical to mechanical energy and acting as an actuator. 
The change in area in both cases corresponds to an inverse change in fihn thickness, i.e.. the 
thickness contracts when the planar area expands, and the thickness expands when the planar 
area contracts. Both the change in area and change in thickness affect the amount of energy 
that is converted between electrical and mechanical. Since the effects due to a change in area 
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and corresponding change in thickness are complementary, only the change in area will be 
discussed herein for sake of brevity. In addition, although deflection of an electroactive 
polymer will primarily be discussed as a net increase in area of the polymer when the 
polymer is bemg used in an actuator to produce mechanical energy, it is understood that in 
some cases (i.e. depending on the loading), the net area may decrease to produce mechanical 
work. Alternatively, when an electroactive polymer is continuously being cycled between 
actuator and generator modes, electrical or mechanical (elastic) energy may be stored &om 
one part of the cycle for use in other parts of the cycle. This may forther introduce situations 
in which the net area may decrease to produce mechanical work. Thus, devices of the 
present invention may include both actuator and generator modes, depending on how the 
polymer is arranged and applied. 



2. GENERAL STRUCTURE OF ELECTROACTIVE POLYMERS 
The transformation between electrical and mechanical energy in devices of the 
present invention is based on energy conversion of one or more active areas of an 
electroactive polymer. Electroactive polymers deflect when actuated by electrical energy. To 
help illustrate the performance of an electroactive polymer in converting electrical energy to 
mechanical energy, FIG. 1 A illustrates a top perspective view of a transducer portion 100 in 
accordance with one embodiment of the present invention. The transducer portion 1 00 
comprises an electroactive polymer 102 for converting between electrical energy and 
mechanical energy. In one embodiment, an electroactive polymer refers to a polymer that 
acts as an insulating dielectric between two electrodes and may deflect upon apphcation of a 
voltage difference between the two electrodes. Top and bottom electrodes 104 and 106 are 
attached to the electroactive polymer 102 on its top and bottom surfaces, respectively, to 
provide a voltage difference across a portion of the polymer 102. Polymer 102 deflects with 
a change in electric field provided by the top and bottom electrodes 104 and 106. Deflection 
of the transducer portion 100 in response to a change in electric field provided by the 
electrodes 104 and 106 is referred to as actuation. As polymer 102 changes in size, the 
deflection may be used to produce mechanical work. 

FIG. IB illustrates a top perspective view of the transducer portion 100 including 
deflection in response to a change in electric field, hi general, deflection refers to any 
displacement, expansion, contraction, torsion, linear or area strain, or any other deformation 
SRI1P030/ US-4149-4/JKW/WJP 
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of aportionofthepolymer 102. The change in electric field corresponding to the voltage 
difference applied to or by the electrodes 104 and 106 produces mechanical pressure withm 
polymer 102. hi this case, an applied voltage difference causes unlike electrical charges to 
accumulate on electrodes 104 and 106. Due to these charges, the electrodes attract each other 
and provide a compressive force between electrodes 104 and 106 and an expansion force on 
polymer 102 in planar directions 108 and 1 10. causing polymer 102 to be compressed 
between electrodes 104 and 106 and to stretch in the planar directions 108 and 1 10. 

In some cases, electrodes 104 and 106 cover a limited portion of polymer 102 relative 
to the total area of the polymer. This may be done to prevent electrical breakdown around 
the edge of polymer 102 or to achieve customized deflections for one or more portions of the 
polymer. As the term is used herein, an active area is defined as a portion of a transducer 
comprismg polymer material 102 and at least two electrodes. When the active area is used to 
convert electrical energy to mechanical energy, the active area includes a portion of polymer 
102 having sufficient electrostatic force to enable deflection of the portion. When the active 
area is used to convert mechanical energy to electrical energy, the active area includes a 
portion of polymer 102 having sufficient deflection to enable a change in electrostatic 
energy. As will be described below, a polymer of the present invention may have multiple 
active areas, hi some cases, polymer 102 material outside an active area may act as an 
external spring force on the active area during deflection. More specifically, polymer 
material outside the active area may resist active area deflection by its elastic contraction or 
expansion. Removal of the voltage difference and the induced charge causes the reverse 
effects. 

Electrodes 104 and 106 are compUant and change shape with polymer 102. The 
configuration of polymer 102 and electrodes 104 and 106 provides for increasing polymer 
102 response with deflection. More specifically, as the transducer portion 100 deflects, 
compression of polymer 102 brings the opposite charges of electiodes 104 and 106 closer 
and the stretching of polymer 102 separates similar charges in each electrode, hi one 
embodiment, one of the electrodes 104 and 106 is ground. 

Li general, the transducer portion 100 continues to deflect until mechanical forces 
balance the electiostatic forces driving the deflection. The mechanical forces include elastic 
restoring forces of the polymer 102 material, the comphance of electrodes 104 and 106, and 
any external resistance provided by a device and/or load coupled to the transducer portion 
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100 etc The deflection ofthe transducer portion 100 as a result oftheappUed voltage may 
also' depend on a number of other factors such as the polymer 1 02 dielectric constant and the 
size of polymer 102. 

Electroactive polymers in accordance with the present invention are capable of 
5 deflection in any direction. After application ofthe voltage between the electrodes 104 and 
106. the electroactive polymer 102 increases in size in both planar directions 108 and 1 10. hi 
some cases, the electroactive polymer 102 is incompressible, e.g. has a substantially constant 
volume under stress. In this case, the polymer 102 decreases in thickness as a result ofthe 
expansion in the planar directions 108 and 1 10. It should be noted that the present invention 
10 is not limited to incompressible polymers and deflection of the polymer 102 may not 
conform to such a simple relationship. 

Apphcation of a relatively large voltage difference between electrodes 104 and 106 
on the transducer portion 100 shown in FIG. 1 A will cause transducer portion 100 to change 
to a thinner, larger area shape as shown in FIG. IB. hi this manner, the transducer portion 
100 converts electrical energy to mechanical energy. The transducer portion 100 may also be 
used to convert mechanical energy to electrical energy. 

FIGs. 1 A and IB may be used to show one manner in which the transducer portion 
100 converts mechanical energy to electrical energy. For example, if the transducer portion 
100 is mechanically stretched by external forces to a thinner, larger area shape such as that 
% 20 Shown in FIG. IB. and a relatively small voltage difference (less than that necessary to 

actuate the fihn to the configuration in FIG. IB) is apphed between electrodes 104 and 1 06. 
the transducer portion 1 00 will contract in area between the electrodes to a shape such as in 
FIG. 1 A when the external forces are removed. Stretching the transducer refers to deflecting 
the transducer from its original resting position - typically to result in a larger net area 
25 between the electrodes, e.g. in the plane defined by directions 108 and 1 10 between the 

electrodes. The resting position refers to the position ofthe transducer portion 100 having no 
external electrical or mechanical input and may comprise any pre-strain in the polymer. 
Once the transducer portion 100 is stretched, the relatively small voltage difference is 
provided such that the resulting electrostatic forces are insufficient to balance the elastic 
30 restoring forces of the stretch. When the external forces are removed, the transducer portion 
100 therefore contracts, and it becomes thicker and has a smaller planar area in the plane 
defined by directions 108 and 1 10 (orthogonal to the thickness between electrodes). When 
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polymer 102 becomes thicker, it separates electrodes 104 and 106 and their corresponding 
unlike charges, thus raising the electrical energy and voltage of the charge. Further, when 
electrodes 104 and 106 contract to a smaller area, like charges within each electrode 
compress, also raising the electrical energy and voltage of the charge. Thus, with different 
charges on electrodes 104 and 106, contraction from a shape such as that shown in FIG. IB 
to one such as that shown in FIG. 1 A raises the electrical energy of the charge. That is. 
mechanical deflection is being turned into electrical energy and the transducer portion 100 is 
acting as a generator. 

In some cases, the transducer portion 100 may be described electrically as a variable 
capacitor. The capacitance decreases for the shape change going from that shown in FIG. IB 
to that shown in FIG. 1 A. Typically, the voltage difference between electrodes 104 and 106 
will be raised by contraction. This is normally the case, for example, if additional charge is 
not added or subtracted from electrodes 104 and 106 during the contraction process. The 
increase in electrical energy, U, may be iUusfrated by the formula U = 0.5 Q^/C, where Q is 
the amount of positive charge on the positive electrode and C is the variable capacitance 
which relates to the intrinsic dielectric properties of polymer 102 and its geometry. If Q is 
fixed and C decreases, then the electrical energy U increases. The increase in electrical 
energy and voltage can be recovered or used in a suitable device or electronic circuit in 
electrical communication with electrodes 104 and 106. In addition, the transducer portion 
100 may be mechanically coupled to a mechanical input that deflects the polymer and 
provides mechanical energy. 

The transducer portion 100 will convert mechanical energy to electrical energy when 
it contracts. Some or all of the charge and energy can be removed when the transducer 
portion 100 is fully contracted in the plane defined by directions 108 and 1 10. Alternatively, 
some or all of the charge and energy can be removed during contraction. If the electric field 
pressure in the polymer increases and reaches balance with the mechanical elastic restoring 
forces and external load during confraction. the contraction will stop before full contraction, 
and no further elastic mechanical energy wiU be converted to electrical energy. Removing 
some of the charge and stored electrical energy reduces the electrical field pressure, thereby 
allowing contraction to continue. Thus, removing some of the charge may fiurther convert 
mechanical energy to electrical energy. The exact electrical behavior of the transducer 
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portion 100 when operating as a generator depends on any electrical and mechanical loading 
as weU as the intrinsic properties of polymer 102 and electrodes 104 and 106. 

In one embodiment, electroactive polymer 102 is pre-strained. Pre-strain of a 
polymer may be described, in one or more directions, as the change in dimension in a 
direction after pre-straining relative to the dimension in that direction before pre-straining. 
The pre-strain may comprise elastic defonnation of polymer 102 and be formed, for example, 
by stretching the polymer in tension and fixing one or more of the edges while stretched. For 
many polymers, pre-strain improves conversion between electrical and mechanical energy. 
The improved mechanical response enables greater mechanical work for an electroactive 
polymer, e.g.. larger deflections and actuation pressures. In one embodiment, prestrain 
improve the dielectric strength of the polymer. In another embodiment, the pre-strain is 
elastic. After actuation, an elastically pre-strained polymer could, in principle, be unfixed 
and return to its original state. The pre-strain may be imposed at the boundaries using a rigid 
fi-ame or may also be implemented locally for a portion of the polymer. 

In one embodmient. pre-strain is apphed uniformly over a portion of polymer 102 to 
produce an isotropic pre-strained polymer. For example, an acrylic elastomeric polymer may 
be stretched by 200 to 400 percent in both planar directions. In another embodiment, pre- 
strain is applied unequally in different directions for a portion of polymer 102 to produce an 
anisotropic pre-strained polymer. In this case, polymer 102 may deflect greater in one 
direction than another when actuated. While not wishing to be bound by theory, it is 
believed that pre-straining a polymer in one direction may increase the stiffoess of the 
polymer in the pre-strain direction. Correspondingly, the polymer is relatively stiffer in the 
high pre-strain direction and more compliant in the low pre-strain direction and, upon 
actuation, more deflection occurs in the low pre-strain direction. In one embodiment, the 
deflection in direction 108 of transducer portion 100 can be enhanced by exploiting large pre- 
strain in the perpendicular direction 1 10. For example, an acrylic elastomeric polymer used 
as the transducer portion 100 may be stretched by 100 percent in direction 108 and by 500 
percent in the perpendicular direction 1 10. The quantity of pre-strain for a polymer may be 
based on the polymer material and the desired performance of the polymer in an appUcation. 
Pre-strain suitable for use with the present invention is ftarther described in copending U.S. 
Patent AppUcation No. 09/619,848, which is incorporated by reference for all purposes. 
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Generally, after the polymer is pre-strained, it may be fixed to one or more objects. 
Each object is preferably suitably stiff to maintain the level of pre-strain desired in the 
polymer The polymer may be fixed to the one or more objects according to any 
conventional method known in the art such as a chemical adhesive, an adhesive layer or 
5 material, mechanical attachment, etc. 

Transducers and pre-strained polycners of the present invention are not limited to any 
particular geometry or type of deflection. For example, the polymer and electrodes may be 
formed into any geometry or shape including tubes and rolls, stretched polymers attached 
between multiple rigid structures, stretched polymers attached across a frame of any 
LO geometry - including curved or complex geometries, across a frame having one or more 
joints, etc. Deflection of a transducer according to the present invention includes linear 
expaiision and compression in one or more directions, bending, axial deflection when the 
polymer is rolled, deflection out of a hole provided on a substrate, etc. Deflection of a 
transducer may be affected by how the polymer is constrained by a frame or rigid structures 
5 15 attached to the polymer. In one embodiment, a flexible material that is stiffer in elongation 
U than the polymer is attached to one side of a transducer to induce bending when the polymer 

is actuated. 
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Materials suitable for use as a pre-sfrained polymer with the present invention may 
f include any substantially insulating polymer or rubber (or combination thereof) that deforms 

1 20 in response to an electrostatic force or whose deformation results in a change in electric field. 
One suitable material is NuSil CF19-2186 as provided by NuSil Technology of Carpenteria, 
CA. Other exemplary materials suitable for use as a pre-strained polymer include silicone 
elastomers, acryUc elastomers such as VHB 4910 acrylic elastomer as produced by 3M 
Corporation of St. Paul, MN. polyurethanes, thermoplastic elastomers, copolymers 
25 comprising PVDF, pressure-sensitive adhesives, fluoroelastomers, polymers comprising 
silicone and acrylic moieties, and the like. Polymers comprising silicone and acryUc 
moieties may include copolymers comprising silicone and acrylic moieties, polymer blends 
comprising a silicone elastomer and an acrylic elastomer, for example. Combinations of 
some of these materials may also be used as the electroactive polymer in transducers of this 

30 invention. 

An electroactive polymer layer in transducers of the present invention may have a 
wide range of thicknesses. In one embodiment, polymer thickness may range between about 
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1 micrometer and 2 millimeters. Polymer thickness may be reduced by stretching the film m 
one or both planar directions. In many cases, electroactive polymers of the present invenUon 
may be fabricated and implemented as tiiin films. Thicknesses suitable for these thm films 
may be below 50 micrometers. 

5 Although the discussion so far has focused primarily on one type of electroactive 

polymer commonly referred to as dielectric elastomers (transducer 100 of FIG. 1 A), motors 
of the present invention may also incorporate other conventional electroactive polymers. As 
the term is used herein, an electroactive polymer refers to a polymer that responds to 
electrical stimulation. Other common classes of electroactive polymer suitable for use with 
10 many embodiments of the present invention include electrostrictive polymers, electromc 
electroactive polymers, and ionic electroactive polymers, and some copolymers. 
Electrostrictive polymers are characterized by the non-Hnear reaction of a electroactive 
polymers (relating strain to E^). Electronic electroactive polymers typically change shape or 
S dimensions due to migration of electrons in response to electric field. Ionic electroactive 

polymers are polymers that change shape or dimensions due to migration of ions in response 
to electric field (the polymers contains an aqueous electrolyte). Irradiated copolymer of 
polyvinylidene difluoride and trifluoroethelene P(VDF-TrFE) is an electroactive polymer 
suitable for use with some embodiments of the present invention. 
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Suitable actiiation voltages for electiroactive polymers, or portions thereof, may vary 
1 20 based on the material properties of the electiroactive polymer, such as tixe dielectric constant, 
as well as the dimensions of the polymer, such as the thickness of the polymer film. For 
example, actiiation electric fields used to actuate polymer 102 in FIG. 1 A may range in 
magnitiide from about 0 V/m to about 440 MV/m. Actiiation electric fields in this range may 
produce a pressure in the range of about 0 Pa to about 10 MPa. In order for the tiransducer to 
25 produce greater forces, the tiiickness of tiie polymer layer may be increased. Actiiation 
voltages for a particular polymer may be reduced by increasing the dielectiic constant, 
decreasing llie polymer thickness, and decreasing tiie modulus of elasticity, for example. 

As electeoactive polymers of the present invention may deflect at high stiains, 
electrodes attached to tiie polymers should also deflect without compromising mechanical or 
30 electrical performance. Generally, electiodes suitable for use witii tiie present invention may 
be of any shape and material provided that tiiey are able to supply a suitable voltage to, or 
receive a suitable voltage from, an electroactive polymer. The voltage may be eitiier constant 
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or varying over time, to one embodiment *e electi^des adhere « a surface of tire polymer. 
Electtodes adhering to tire polymer are pref^ly compHan. and conform to tire changmg 
shape of me polymer. Correspondingly, .he p^. invention may include comphant 
elecWcs tira. conform .o tte ,hape of ^ electtoactiv. polymer .0 which tirey are ^hed. 
The electrodes may be only appUed to a portion of an electroactive polymer and define an 
active area according to their geometry. Sevenil examples of electrodes that only cover a 
portion of an electroactive polymer will b. described in furtirer detail below. 

Various types of electiodes suitable for use wifl. tire present invention are described 
in copending U.S. Patem Apphcation No. 09/619,848. which was previously mcorpora«d by 
^ference above. Electrodes de^ribed tirerein and suitable for use witt. tire pr^t mvention 
include structirred elect^ies comprising metal tiaces and charge distribution layers, textirred 
electrodes comprising varying out of plane dimensions, conductive ^ such as carbon 
peases or sUver greases. coUoidal suspensions, high aspect ratio conductive matenals such 
as carbon fibrils and carbon nanombes. and mixtures of ionically conductive matenals. 

Materials u^ for electrodes of tire present invention may vary. Suitable materials 
used in an electrode may include graphite, carbon black, colloidal suspensions Ann metals 
n,cluding silver and gold, silver fiUed and carbon filled gels and polymers, and mnrcatiy or 
electrically conductive polymers, hr a specific embodiment, an electrode suruble fbr ^ 
witir the presem invention compnses 80 percem carbon grease and 20 percent carbon bUc. m 
a silicone rubber binder such as Stockwell RTV60-CON as produced by Stockwe 1 Rubber 
CO inc of Philadelphia, PA. The carbon grease is ofttre type such as NyoGel756G as 
provided by Nye Lubricant toe. of Fairhaven, MA. TTrc conductive grease may also be 
mixedwith an elastomer, such as siUcon elastomer RTV 1.8 as produced by General Elecmc 
of Waterford, NY, to provide a gel-like conductive grease. 

It is mrderstood ttrat certain electrode materials may work well wittr particular 
polymers and may not work as weU for otirers. For example, carbon fibrils woric weU with 
acryUc elastomer polymers while not as weU witir sihcone polymers. For most transduc^, 
desirable properties for tire comphan. electrode may include one or more of tire followmg. 
low modulus of elasticity, low mechanical doping, low surface resistivity, mufomi 
resistivity, chemical and environmental stabiUty, chemical compatibiUtywrttr^e 

electioactive polymer, good adherence to tire electroactive polymer, and «,e abrhty ti, ^rm 
smootir surfaces, to some cases, a tran^ucer of the present invention may mrplement two 



SRI1P030/ US-4149-4/nCW/WJP 

15 



different types of electrodes, e.g. a different electrode type for each active area or different 
electrode types on opposing sides of a polymer. 

Electronic drivers are typically connected to the electrodes. Tho voltage provided to 
electroactive polymer will depend upon specifics of an application. In one embodiment, a 
transducer of the present invention is driven electrically by modulating an applied voltage 
about a DC bias voltage. Modulation about a bias voltage allows for improved sensitivity 
and linearity of the transducer to the applied voltage. For example, a transducer used m an 
audio application may be driven by a signal of up to 200 to 1000 volts peak to peak on top of 
a bias voltage ranging fi:om about 750 to 2000 volts DC. 



3. MULTIPLE ACTIVE AREAS 

m accordance with the present invention, the term "monoUthic" is used herein to refer 
to electroactive polymers, transducers, and devices comprising a plurality of active areas. 

FIG IC illustrates a monolithic transducer 150 comprising a pluraUty of active areas 
in accordance with one embodiment of the present invention. The monolithic transducer 150 
converts between electrical energy and mechanical energy. The monoUthic transducer 150 
comprises an electroactive polymer 151 including two active areas 152a and 152b. The 
polymer 1 5 1 can be held using, for example, a rigid frame (not shown) attached at tiie edges 
of the polymer 151. 

The active area 152a has top and bottom electirodes 154a and 154b attached to the 
polymer 151 on its top and bottom surfaces 151c and 151d, respectively. The electrodes 
154a and 154b provide a voltage difference across a portion 151a of the polymer 151. The 
portion 151a deflects witii a change in electiic field provided by tiie electrodes 154a and 
154b The portion 151a comprises the polymer 151 between the electi.,des 154a and 154b 
and any other portions of tiie polymer 151 having sufficient electrostatic force to enable 
deflection upon application of voltages using the electrodes 154a and 154b. When the device 
150 is used as a generator to convert from electiical energy to mechanical energy, deflection 
of the portion 151a causes a change in electric field in the portion 151a that is received as a 
change in voltage difference by the electrodes 154a and 154b. 

The active area 152b has top and bottom electrodes 156a and 156b attached to the 
polymer 151 on its top and bottom surfaces 151c and 151d. respectively. The electirodes 
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156a and 156b provide a voltage difference across a portion 151b of the polymer 151. The 
portion 15 lb deflects with a change in electric field provided by the electrodes 156a and 
156b The portion 15 lb comprises the polymer 151 between the electrodes 156a and 156b 
andanyotherportionsofthepolymerlSlhavingsufficientstressinducedbythe 

electrostatic force to enable deflection upon appUcation of voltages using the electrodes 1 56a 
and 156b When the device 150 is used as a generator to convert from electrical energy to 
nxechanical energy, deflection of the portion 151b causes a change in electric field m the 
portion 151b that is received asachange in voltage differenceby the electrodes 156a and 

156b. 

The active areas for monoUthic polymers and transducers of the present invention 
maybe flexibly arranged. In one embodiment, active areas in a polymer are arranged such 
lhat elasticity of the active areas is balanced. In another embodiment, a transducer of the 
present invention includes a plurality of symmetrically arranged active areas. Further 

description of monoUtiuc transducers suitable for use with the present invention are fi^er 
described in commonly owned U.S. Patent Application No. 09/779,203, which is 
incorporated by reference herein for all purposes. 



4. ACTUATOR DESIGNS 

The deflection of an electroactive polymer can be used m a variety of ways to 
.0 produce or receive mechanical energy. One common implementation of a transducer m a 
niotor is within an actuator. Several exemplary actuators suitable for use with motors of the 
present invention will now be discussed. 

Expansion in one direction of an electroactive polymer may induce contractile 
stresses in a second direction such as due to Poisson effects. This may reduce the mechamcal 
25 output for a transducer tiiat provides mechanical output in the second dnrection. 

Correspondingly, actuators used in motors of the present invention may be designed to 
constrain a polymer in tixe non-output direction. In some cases, actuators may be designed to 
improve mechanical output using deflection in the non-output direction. 

An actuator that uses deflection in one planar direction to improve energy conversion 
30 in the other planar direction is a bow actuator. FIGs. 2A and 2B illustrate a bow actuator 200 
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stable for u.e witt> mou.rs of to present invention. The bow aotua«,r 200 is a planar 
mechanism comprising a flexible ftame 202 which provides mecharncal assrstance to 
improve conversion ftom electrical energy to mechanical energy for a polymer 206 a«ached 
to the ftame 202. The ftame 202 inclndes six rigid members 204 comtected at jomts 205. 
The members 204 and joints 205 provide mechanical assistance by couphng polymer 
deflection in a planar direction 208 into mechanical output in a perpendicular planar direction 
210 More specifically, the ftame 202 is arranged such th« a small deflection of the polymer 
206 in the direction 208 improves displacement m the perpendicular planar dftection 210. 
Attached to opposing (top and bottom) surfaces of fl>e polymer 206 are electiodes 207 
(bottom electrode on bottom side of polymer 206 not shown) to provide a voltage difference 
across a portion of tiie polymer 206. 

The polymer 206 is configured witit different levels of pre-sftam in its orthogonal 
directions. More specifically, electroactive polymer 206 includes a high pre-stram m the 
planar dir^tion 208. and Uttlc or no pre-stiain in tire perpc^iicular planar direction 210. 
This anisotn^pic pre-stiam is arranged relative to ^ geometry of the ftame 202. More 
specifically, upon actiration using electiodes 207. the polymer contiacts in ttte htgh pre- 
strained direction 208. Witi> tire testiicted motion ofthe ftame 202 and the lever arm 
provided by the members 204. tins contraction helps drive deflection in tire perpendrcular 
planar direction 210. Tims, even for a short deflection of tire polymer 206 in tte tagh pre- 
sttain direction 208, the frame 202 bows outward in tire direction 210. In tins mann«. a 
small contiaction in tiie high pre-stiain direction 210 becomes a larger expansron m tire 
relatively low pre-strain direction 208. 

using tire anisotiopic pr^sttain and consttaint provided by ti>e ftame 202. the bow 
actiaator 200 allows contiaction in one direction to enhance mechanical deflection and 
:lcal to mechanical conversion in anotirer. In other words, a load 21 1 (FIG. 2B) attached 
.0 the bow acm^r 200 is coupled to deflection of the polymer 206 in two directions 
direction 208 and 210. Tins, as a result of tire differential pre-stiain of the polymer 206 and 
tt,e geometiy of tire ftame 202. tire bow acmator 200 is able to provide a larger mecharncal 
displacement and mechanical energy output ti«n an electioactive polymer alone for common 
electrical input. 

The pre-stiain in tire polymer 206 and constiain. provided by the frame 202 may also 
allow the bow actiutor 200 to use lower actimtion voltages for tire pre-stiamed polymer 206 
SRI1P030/ US-4149-4/JKW/WJP 

18 



for a given deflection. As U>e bow acmator 200 has a lower effective modul>,s of elasticity m 
the low nre-strained direction 210. the mechanical constraint provided by the ftame 202 
allows the bow actuator 200 to be actuated in the dir^tion 210 to a larger deflection wtth a 
lower voltage, to addition, the hi^ pre-stiain in the direction 208 increases ttte breakdown 
, Stiength of the polymer 206. permitting hi^=r voltages and higher deflections for the bow 
actuator 200. 

to one embodiment, the bow actitator 200 may include additional componenU to 
provide mechanical assistance and enhance deflection. By way of example, spnngs 220 as 
shown in FIG. 2C may be attached to ttte bow actuator 200 to enhance deflection m the 
0 direction 210. "me springs load the bow acti^to, 20O such that tire spting force exerted by 
the springs 220 opposes resistance provided by an extendi load, to some cases, tire spnngs 
220 p«.vide increasing assistance for bow ac«.ator 200 deflection, to addition, prc-stiam 
may be increased to erftance deflection. Ihe load may also be coupled to .he rigid members 
204 on top and bottom of the ftame 202 rath« titan on tite rigid members of ttte side of the 
15 frame 202 (as shown in FIG. 2B). 

The shape and constraint of an electroactive polymer may affect deflection. An 
aspect ratio for an electroactive polymer is defined as the ratio of its lengti. to widttt. If fl-e 
aspect ratio >s high (e.g.. an aspect ratio of at least about 4:1) and the polymer is constiramed 
along its length by rigid members, titan tite combination may tesult in a substantially one- 
20 dimensional deflection in flie widlh direction. 

FIGS 2D and 2E iUustiate a Imear motion acOtator 230 suitable for use wifla motors 
of tite present invention. Linear motion actua«>r 230 is a planar mechanism havmg 
mechanical deflection in one direction. Unear motion actuator 230 comprises a po ymer 
having a lengtit 233 substantiaUy greater titan its widfl. 234 (e.g.. an aspect ratio at least 
25 about 41). Pclymer231 is attached on opposite sides to stiff members 232 of a ftame along 
its lengtt. 233. Stiffmembers 232 have a greater stiftoess titan flte polymer 231. The 
geometiic edge constrain, provided by stiffmembers 232 substantially prevents dtsp acement 
I a direction 236 along tite polymer lengtit 233 and facilitates deflection atotos. exc.us.«^y 
m a direction 235. When tite Unear motion acUtator 230 is implemented witit a polymer 
30 havmg anisotiopic p.-strain. such as a hi^er pre-stiain in the direction 236 ti^ m tite 
direction 235. ttten tite polymer 23 1 is stiffer in tite direction 236 titan m tite dtrection 235 

and large deflections m tiie direction 235 may result. 
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A collection of electroactive polymers or actuators may be mechanically linked to 
form a larger actuator with a common output, e.g. force and/or displacement. By using a 
small electroactive polymer as a base unit in a collection, conversion of electric energy to 
mechanical energy may be scaled according to an application. By way of example, multiple 
linear motion actuators 230 may be combined in series in the direction 235 to form an 
actuator having a cumulative deflection of all the Imear motion actuators in the series. 

FIG. 2F illustrates cross-sectional side view of a multilayer achiator 240 for 
converting from electrical energy to mechanical energy. The multilayer actuator 240 
includes four pre-strained polymers 241 arranged in parallel and each attached to a ngid 
frame 242 such that they have the same deflection. Electrodes 243 and 244 are deposited on 
opposite surfaces of each polymer 241 and provide simultaneous electrostatic actuation to the 
four pre-strained polymers 241. The multilayer achiator 240 provides cumulative force 
output of the individual polymer layers 241. 

An electroactive polymer is typically compliant and does not provide a large stif&ess, 
e.g.. relative to a sohd structure. Many mechanical applications require an electroactive 
poller actiiator having stiffiiess in all directions but the direction of actiiation. Rigid 
members may be included in a device and provide stiffiiess in one or more directions. 
However, these stiff members may constrain deflection of the polymer and are typically not 
used in the direction of output motion. 

FIG 2G illustrates a hnear motion device 350 in accordance with one embodiment of 
the present invention. The device 350 is a planar mechanism having mechanical deflection 
in one direction 351. The device 350 comprises an electroactive polymer 352 arranged m a 
manner which causes a portion of the polymer to deflect in response to a change m elective 
field Electrodes 360a and 360b are attached to opposite surfaces (only the foremost 
electrode 360a is shown) of the polymer 352 and cover a substantial portion of the polymer 
352. The polymer 352 is attached to a frame 353. The frame 353 provides mechamcal 
support and stiffiiess for the device 350 in all directions, linear and torsional, except a 
direction of output motion 351. THe frame 353 includes stiff members 354 and 355 each 
connected to distal ends of flexures 357 and 358. 

The stiff members 354 and 355 are attached along opposite edges 352a and 352b, 
respectively, of the polymer 352. The stiff members 354 and 355 have a greater stiffiiess 
than the polymer 352. The added stiffiiess and geometiic consfraint provided by the stiff 
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members 354 and 355 substantially prevents displacement in a direction 356 along the 
polymer length. Using only the stiff members, compUance for the device 350 remains in the 
direction 351 and any torsional deflection about the polymer 352. 

Upon actuation of the polymer 352, expansion of the polymer 352 in the direction 
351 causes edges 352a and 352b and the stiff members 354 and 355 to move apart, as shown 
in FIG. 2H. In addition, expansion of the polymer 352 in the direction 351 causes the 
torsional supports 357 and 358 to straighten. Thus, deflection of the device 350 is almost 
exclusively in the direction 351. 

Flexures 357 and 358 provide torsional stiffiiess for the device 350. Without flexures 
357 and 358, the stiff members 354 and 355 may twist out of the plane of the polymer 352. 
In one embodiment, each flexure 357 and 358 is a two-bar linkage. For example, the flexure 
357 comprises first and second members 361 and 362 hingeably coupled to each other at 
their proximate ends 361a and 362a, respectively. The first and second members 361 and 
362 are also hingeably coupled to the stiff members 354 and 355 at their distal ends 361b and 
362b, respectively. The first and second members 361 and 362 prevent torsion about the axis 
351 but allow deflection of the device linearly in the direction 359b. 

One advantage of tiie device 350 is that the entire structiire is planar. This allows for 
easy mechanical coupling and simple expansion to produce multiple polymer designs. By 
way of example, the stiff members 354 and 355 may be mechanically coupled (e.g. glued or 
similarly fixed) to their respective counterparts of a second device 350 to provide two 
devices 350 in parallel in order to increase tiie force output over a single device 350. 
Similarly, the stiff member 354 fi:om one device may be attached to the stiff member 355 
fi-om a second device in order to provide multiple actuators in series that increase the 
deflection output over a single device 350. 

The constiraint and shape of an electiroactive polymer may affect deflection. In one 
embodiment, the polymer 352 has a length (along tiie dimension 359b) substantially greater 
than its width (along the dimension 359a). In a specific embodiment, the polymer has an 
aspect ratio at least about 4: 1 . In another embodiment, tiie device 350 is implemented with a 
polymer 352 having anisotropic pre-strain. For example, tiie polymer may include a higher 
pre-sti^n in tiie direction 359a tiian tiie direction 359b. As a resuU, the polymer 352 is stiffer 
in tiie direction 359a tiian the direction 359b and larger deflections in the direction 359b may 
result during actuation when voltage is applied to the electrodes 360. 
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to anote embodiment, electroactive polymers suitable for use with motors of the 
preset inveution may be rolled or folded into linear transducers and acmators that deflect 
a^ially while converting from electrical energy U> mechanical energy. As fabricatton of 
electtoactive polymer is often simplest wi4 fewer numbers of layers. roUed acmators 
provide an efficient manner of squeezing large layers of polymer into a compact shape. 
Rolled or folded transducers and acfttators typicaUy include or more layers of polymer. 
RoUed or folded actuators are appUcable wherever linear actuators are used, such as robottc 
legs and fmgers. high force grippers. or any of the motor designs described below. 

FIG 21 aiustrates a stretched fihn actuator 270 suitable for use with motors of the 
present invention. The stretched fihn actuator 270 includes a ri^d ftame 271 having a hole 
272 An elecnoactive polymer 273 is attached in tendon to the ftame 271 and spans the hole 
272 A rigtd bar 274 is aaached to the center ofthe polymer 273 and provides external 

displa^ment correspondmg to deflection of the polymer 273. Compliant electrode pa«s 275 
and 276 are patterned on bo* top and bottom surfaces of the polymer 273 on the left and 
right sides respectively of the rigid bar 274. 

When the electrode pair 275 is actuated, a portion of the polymer 273 between and in 
the vicinity of the top and bottom electrode pair 275 exp^ds relative to the rest of the 
polymer 273 and the existing tension in the remainder of the polymer 273 pulls the ng.d bar 
274 to move to the ri^t Conversely, when the electrode pair 276 is actuated, a second 
portion of the polymer 273 affected by the electrode pair 276 expands relative to tire rest o 
the polymer 273 and allows ti.e ri^d bar 274 to move to tite left. Altemating actitatton of *e 
electrodes 275 and 276 provides a total stroke 279 for the rigid bar 274. One vartation of ttas 
actuator tncludes adding anisotn,pic pre-strain to the polymer such ti.at the polymer has hrgh 
pre-strain (and stiflhess) m tixe direction petpendicular to the rigid bar displacement. 
Another variation is to elhmnate one of titeelectiode pairs. For the benefit of sm^lr^g the 
design, tins variation reduces the stroke 279 fi>r tire stretched fihn acti^r 270. h> tins case, 
the portion of the polymer no longer used by the removed electrode now responds passrvely 
like a restoring spring. 

nOs 2J and 2K illustrate an acttmtor 300 suitable for use in motors of the present 
invention. The actttator 30O includes a polymer 302 arranged in a manner which cat^^a 
portion of tite polymer to deflect m response to a change iti eleotidc field. Electrodes 304 are 
attached to opposite sur&ces (only tire foremost electrode is shown) of tire polymer 302 and 
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cover a subst^Ua. portion of tt>e polymer 302. Two stiffmember. 308 and 3 10 extend 
alongopposite edges 312 and 314 of ttepolymer 302. Flexures 316 and 318 are sin,a.ed 
along Ae remaining edges of the polymer 302. Tie flexures 316 and 318 improve 
oonversion ftom electrical energy to mechanical energy for the actuator 300. 

The flexures 3 16 and 3 18 couple polymer 302 deflection in one direction into 
deflection in another direction. In one embodiment, each of the flexures 316 and 318 rest at 
an angle about 45 degrees in the plane of the polymer 302. Upon actuation of the polynter 
302 expansion of the polymer 302 in the direction 320 causes the stiff members 308 and 310 
to move apart, as shown in FIG. 20. to addition, expansion of the polymer 302 m the 
direction 322 causes the flexures 316 and 318 to sU^ghten. and further separates the sttff 
members 308 and 310. to this manner, the actuator 300 couples expansion of the polymer 
302 in both planar directions 320 and 322 into mechanical output m the directton 320. 

, The polymer 302 is configured with different levels of pre-strain in orthogonal 

5 directions 320 and 322. This anisotropic pre-strain is arranged relative to the geometry of the 

~ flexures 316 and 318. More specifically, the polymer 302 includes a higher pre-stiam m the 

direction 320, and littte or no pre-stram in the perpendicular planar direction 322. 

Although FIGS. 2A-2K illustrate several actuators suitable for use with motors of the 
present invention, other actiu>tors includmg one or mote electroactive polymers may also be 
used Other exemplary actuators mdude bending beam actitators. di^hragm actitators and 
inchwomt actitators are also suitable for use with the present mvention. Additional 
exemplary hnear and non-ltaear actirators suitable for use wittt the present invention are 
described in commonly owned U.S. Patent Application AppUcation No. 09/619.848. whtch 
was previously incorporated by reference. 
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5. MOTOR DESIGNS 



In general, a motor in accordance with the present invention comprises one or more 
electroactive polymers confined in a particular motor design. The design converts repeated 
deflection of an electroactive polymer into continuous rotation of a power shaft included m a 
motor There are an abundant number of motor designs suitable for use with the present 
30 invention - including conventional motor designs retrofitted with one or more electroactive 
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polymers and custom mo«>r designs specially designed fer elecWactive polymer usage. 
Several moU.r designs suiuble for use wift d>e present invention wiU now be discussed 
These exemplary rotary motor designs convert deflection of one or more electroactrve 
polymers into output rotary motion for a rot^ motor or linear motion for a linear motor. 
Although the exemplary mcchanical-elecMcal power conversion systems described below 
are primarily described with respect to converting electrical to mechanical energy, .t .s 
understood that any of these systems may be used in the reverse direction, that .s. m 
converting mechanical power to electrical power. 

FIG 3A Ulustrates a perspective view of a simplified rotary motor 500 in accordance 
with one embodiment of the present invention. Motor 500 converts elechical power to 
mechanical power. As shown in FIG. 3 A. rotary crank motor 500 comprises four elements: a 
transducer 502, a crank pin 504. a power shaft 506, and a crank arm 508. 

AS the tenn is used herein, a crarik refers to the par. of a rotary motor that provides 
power to the power shaft 506. For motor 500. .he crank comprises transducer 502. crank pm 
504 and crank arm 508. Transducer 502 includes ^voelec«odes 510 and 512 attached on 
opposing surfaces of an electtoactive polymer 513. Using elec«cal energy provided by dre 
electrodes 510 and 512. transducer 502 is capable ofttanslational deflectionin a dnecfon 
509. crank pin 504 provides coupling between ttansducer 502 and crank arm 508. Crank 

arm 508 transits force between the crank pin 504 and the power shaft 506. Power shaft 506 
is conftgured to rotate about an axis 503. hi dris case. roMional direction 5 14 is defined as 
clockwise rotation about axis 503. 

A bearing 5 1 1 faciUUtes couplmg between tran^iucer 502 and crank pin 504. 
Bearing 51 1 is attached on iu imter surface to the crank pin 504 and attached on its outer 
^facetottansducer502. BearingSll allows substantially lossless relative motion between 

transducer 502 and crank pin 504. 

Actuation of transducer 502 moves crank pin 504 down and causes power shaft 506 
to rotate. More speciScally. as illustrated m FIG. 3A. actuation of transducer 502 pushes 
bearing 5 1 1 downward. As bearing 511 translates downward in direction 509. crank pm 504 
rotates about power shaft 506 in clockwise direction 5.4. Acttration of transducer 502 may 
be referred to as the "power stroke' for the motor 500. As deflection of transducer 502 
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continues, crank pin 504 follows an oAM pa* around power shaft 506 as defined by fte 
geometry of crank arm 508. 

to a specific embodiment, crank pin 504 reaches its furthest downward displacement 
in ditecfion 509 (bottom dead center) as actaation for ^ducer 502 finishes. Momentum of 
crank pin 504 and crank arm 508 continue to move crank pin 504 in direction 5 14 around 
power shaft 506 at bottom dead center. Upon removal of electric energy flx-m the tran^ucer 
502 elastic retuminthepolymer513causesthelowerportionoftheti^ucer 502 to 
defl'ec. upwards. Elastic return ofthe polymer 502. and momentimroforankpm 504 and 
crank arm 508. continue to move crank pm 504 upwards in direction 514 around power shaft 
506 When ttte crank pin 504 passes its minimal downward displacement in tire dncction 509 
(top dead center), acmation of transducer 502 begins. Actuation and elastic return m ttas 
mamter may be repeatedly perfonned to produce continuous rotation of the power shaft 506 
about axis 503. 

For motor 500. movement of transducer 502 fi..m top dead center to bottom dead 
center is called a downatroke. and movement of the tiansdncer 502 fiom bottom dead carter 
U. top dead center is called an upst^ke. As iUustrated, ti^eer 502 actirates durmg «.e 
downstioke and uses elastic retirm of thepolymer 513 during the upsttoke to make on. 
complete revolution of the power shaft 506. In this case, actuation and elastic retinn of the 
electioactive polymer 513 contribute to separate portions of tire rotation of power shaft 506. 

In one embodiment, a connecting rod is comrected on one end to polymer 5 13 and on 
a,e opposite end to crank pin 504 to facilitate cooperation between tiansducer 502 and crank 
pin 504. In this case, tire top end of the comrecting rod is connected to transducer 502 and 
translates up-and-down in direction 509. Hre opposite end of the comrecting rod is coupled 
to crank pm 504 and rotates around power shaft 506 with crank pin 504. Upon actiration of 
transducer 502. tire upper end of the comtecting rod moves downward with the transducer 
502 in direction 509. The opposite end of the comtecting rod moves down and m a cncnlar 
motion as defined by crank arm 508. which rotates about crankshaft 506. 

The transducer 502 may be included in an actuator. In one embodhnent. one of the 
Unear actirators described above. e.g,. the acti^tor 300 of FIGs. 2J and 2K or tire lin«. 
™tion aenrator of FIGs. 2D and 2E. is coupled to crank pin 504 and provides reciprocatmg 
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^Mional motion in fl>e direction 509. Ri^d member 310 of aotiralor 300 nray tiren be 
rotably coupled to crank pin 504, e.g.. via a bearing or connecting rod. 

AS shown in FIG. 3 A. power d>aft 506. crar^ arm 508. and crank pin 504 are a single 
continuous stiuctiare. also referred » as a crankshaft. A crankshaft is a *aft wi^an ofi^ 
portion . a crank pin and a crank arm - *a. describe a circular pati. as tire cranksh^ rotates. 

u ft <:nA tViorrnnV arm 508. and tiie crank pin 5U4 are 
In another embodiment, the power shaft 506, the crank arm 5U5, an h 

separate structures. For example, crank arm 508 may be a ri^d member rotatably coupled to 
the crank pin 504 at one end and attached to the power shaft 506 at another end, e.g., smular 
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The exemplary moti>r shown in Figure 3A has been simplified in order to not 
necessarily obscure tt.e present invention. As one of skU. in tire art wiU appreciate, otirer 
structures tmd features may be present to facilitate or improve operation. For example a 
portion of tiansducer 502, such as an end or edge of polymer 574. may be grounded, atiached 
to a fixed element, or ottterwise fixed relative to power shaft 506 rotation, to ad^tion. 
ttansducer 502 may be significanUy larger flran as shown to reduce ti.e amount of tiansducer 
strain needed to rotate the crank pin 504. As shown, tiansducer 502 may rely on several 
hundred percent stiain to fitUy rotate the crank, which is allowable accordmg to some 
^^ucers of the present invention. However, a tiansducer 502 having a largerplanar area, 
say 10 to 20 times larger tiran the planar area shown in FIG. 3A. may be used to reduce tire 
aJoun. of tiansducer stiah, needed in tire polymer to rotate tire crank pin 504. For example. 
4e si.e of tiansducer 502 may be selected to produce a stiain of about 20 percent to about 
100 percent stiain in tite polymer to rotate crank pin 504. Further, insulation or otirer 
preventative measures may be tako. to prevent electiical energy loss 6om tire electiodes In 
some cases, current may arc across the outer unprotected boundary betw^ e.ectiod« 512 
andSlO To prevent such undesired electiical energy movement, electiodes 512 and 510 

may be recessed from tite polymer 513 boundary. Alternatively, insulation may be dtsposed 
at the tiansducer 502 periphery. Some of the actuators de^ribed above also include ngtd 
members and sttucti-res tttat may be used to prevent electiical energy loss. 

using a single tianrfucer as described witt. respect ti, ti,e moti.r 500 may result in 
.^evenpower dUtiibution during rotation otpower shaft 506. Full rehable rotation of tire 

may also require substantial rotational mertia and speed to pn=vent tire shaft 
merely rotating in an osciltory fashion (i.e. less flm 360 degrees roUtion). In one 
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e^^cn.. . ro^ry n^otor of present — eon.pn^ — ^' 
p„vide power «> route a power shaft. The nrultiplc transducers may also be ^'^^^^^ 
Luee L spots in ro^^on of the power sh^. e.s.. by offsetting the — ^ 
angles. producing a ntore consistent and continuous flow of output power for *c motor. 

to one embodiment, multiple transducers are coupled to a single crank pin. FIGs. 3B- 
C iUus^tc diagrammatic ftont and side views, respectively, of a rotary ""^^ 
.cord^cc widr another embodrment of the present invention R«««y motor 520 conv^ 
electrical power to mechanical power. As *own in FIGs. 3B-C. rotary crank motor 520 
comprises four transducers 522a-d coupled to a single crank pm 524. 

Tie crank for flte motor 520 comprises the four transducers 522a-d. *e crank pin 
524. and a crank arm 52S. Crank pin 524 provides coupling be^.een -^'^^'l^-'^' 
^n. arm 52S. Beanng 52, faciUtates roUtional coupling be^^een transdu^. 5^ .d^d^ 
erank pin 524. Bearing 521 is attached on its inner surfece to to crank pm 524 and attached 
on tts outer surf^e to the transducers 522a-d. Bearing 521 aUows substanUaUy lossless 
motion between the transducers 522a-d and crank pin 524. 

Power shaft 526 is configured to rotate about axis 53 1. defined by cent« bearings 
525a and 525b. Center bearings 525 constrain the power shaft 526 in aU degrees of fieedom 
except rotation about the axis 531. Center bearings 525 axe attached to a housmg 527. 
HouLg 527 includes parallel walls 527a and 527b that provide support for center beanng^ 
525 aLmg 527 also mcludes perpe^lieular walls 527c-f that provide stattonary support 
L the dist^ ends of transducers 522a-d. aank arm 52S — force between crank pm 
24 and power shaft 526. Power s^ 526. crank ann 528. and crank pin 52 are a smgle 
continuous piece »d made of any suitable material that transmits power P-^J^^ 
.an^ucers 522a-d into rotation for power shaft 526. h, one 

suitable meta, such as steel or aluminum and is m^hined smooth to ptovtde bearmg surfaces 
for bearings and connecting rods, if used. 

Transducers 522a-d each mdnde electrodes that provide a voltage afferenc. to an 
electroactive polymer included in each transducer. Using electrical "^^^ 
corresponding eleCdes. each transduce 522a-d is capable ^ 
, different direction. As illustrated in FIG. 3A. achration of the t^ucer 

erank pin 524 down. Aemation of to transducer 522b moves to crank pm 524 to to left. 
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Acuu-ion of a>e ttan^cer 522c moves fl,a oonk pin 524 up. Aeration of me — er 
522d movea fl,e cra:>k pin 524 U, to ri^t. When electti cal energy is removed from to 
.^.sduoer 522a, el^tic energy stored in to polymer included in transducer 522a pulls to 
crank pin 524 up. A sinular elastic return occurs for to polymers included in to transducers 

522b-d. 

Transducers 522a-d are ac«^ed sequentiaUy to move to crank pin 524 in a circtUar 
path about axis 531. An angle theta 529 will be used to describe rotation of power shaft 
about axis 531. Theta 529 is 0 degrees when to crank arm 526 is vertical. To achieve 
clockwise rotation of to power shaft 526 (as iUusttated). to tr^ucers 522a-d are actuated 
sequentially as foUows. To start motion of to crank ann 526 ftom a resting posttton wh^ 

529 is 0 degrees, electrical energy ts supphed to to transducer 522d and removed *om 
to transducer 522b to move to crank pin 524 to to Hght. When to crank ann 526 passes 
an angle theta of 0 de^ electrical energy is supphed to transducer 522a and removed 
ftom to transducer 522c. When to crank arm 526 passes an angle theta "^^^^^ 
electrical energy is suppUed to transducer 522b removed ftom transducer 522d w^le 
electrical energy is sUU being suppUed to transducer 522a. Thus, transduce 522a and 522b 
are actuated togetor for an angle tota between 90 and deuces. Wh^ to cr^ pm 524 
passes an angle tota of 1 80 de^es. electrical energy is supplied to transducers 522b ^d 
522C and removed 6om transducer 522a. When to crank arm 526 passes an angle tota 
270 degrees, electrical energy is supphed to tnu.sduc.rs 522c and 522d and removed ftom 
^ucer 522b. Ms sequential actuation may be repeatodly performed to conhnuously 
rotate power shaft 526. 

Transducers 522a-d are capable of rotating power shaft 526 in both rotational 
directions about axis 531. To achieve cou„..-clockwisc rotation of to power shaft 526 (as 
illustrated), to transducers 522a-d .e actuated sequentially as follows. To start motton of 
to cradt arm 526 from a resting position when tota 529 is 0 degrees, electrical orergy rs 
supphed to to transducer 522b and removed fiom to transducer 522d to move to crad. pm 
524 to to left. When to c«nk arm 526 passes an angle theta 529 of 0 degrees, electrrcal 
ener^ is supplied to transducer 522a and removed ftom to transducer 522c. For an angle 
theta between 0 and 270 degrees, crank arm 526 is powered by actuation 
^ 522b. and asststed by elastic return of transducer 522c. For an angle ^^^'^^^ 
2,0 and 180 degrees, crank ann 526 is powered by actitation of transduces 522a and 52^ 
and assisted by elastic return of transducer 522b. For an angle tota 529 betiveeu 180 and 90 
SRI1P030/ US-4149-4/JKW/WJP 
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,^s. cran. ^ 526 is powered b, actuation of — 522c and ^^^J^^^^ 
by eiasdc rcnm. of tta-sduccr 522a. Finally, for an angie .heta 529 ^^ 90 and 0 
digrecs. crank ann 526 ia powered by act-on of transducers 522c and 522b. and asststed 
by elastic return of transducer 522d. 

It should be not«i that elastic energy stored in each polymer may contribute to 
rotation of power shaft 526. For example, wBe transducers 522a and 522b are ach^ 
together tor an angle theU between 90 and 180 de^. elastic recoil of transducer 522a 
pi cran. pin 524 upwa*. A similar elastic return occurs for e.h tr^ucer 
^24 rotates towards it from a stitched position. Further, as wiU he descnbed m fi^er d«axl 
below, total elastic pote^ial energy for the motor 520 is substantially constant as the crank 
pin 524 rotates about axis 531. 

As mentioned before, a connecting rod may be comtected on one end of a transducer 
and on the opposite end to the cr^ pin to f^ihtate cooperation bo^«een transducer and 
crank pin. For multiple transducers coupled to a single crank pin. multiple oomtectmg rods 
may hi use^ Alternatively, a single disk may be used to couple each of ^e tr^ucers to 

the crank pin. 

FIG 3D iUustrates a top perspective view of a rotary motor 590 in accordance with 
another embodiment of the present htvenUot. Motor 590 includes four '''^^ 
each rotably coupled at their proximate end to a separate perimetric portron o^^J^^^ 
each rotably coupled at ^eir distal .d to housing 594. Disc 592 is 'O^^ -^^ -'J^ 
center to crank pin 593. Disc 592 int^comtects each of the transducers 59U-d wrttt c^ 
pin 593 Crank arm 595 transmits force between the crank pin 593 and a power shaft 597. 
which rotates about axis 598. Each transducer 591 includes an CeCroacUve politer whose 
plane is substantially paraUel to axis 598. In on. embodiment, each tra^cer 59 . 
Lluded in an actuator. e.g.. the actuator 300 of FIGs. 2J and 2K. Rrgtd memb. 310 of 
Imator 300 may *en be rotably coupled to housing 594 while rigid member 308 . r^ly 
coupled to disc 592. Transducers 591a-d may be ach-ated se,uen.ial.y in a hmely ma^ 
s Jlar to transduce. 522a-4 of FIGs. 3B-3C to move the crank pin 593 m a ctrcular path 
about axis 598. 

FIGs 3E-3F illustrate atop perspective view and a ftont view, respectively, of an 
elongated transducer coniiguration 535 for use in a rotary motor m accordance with anoflrer 
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embodiment of tte present invention. Transducer oonflguraticn 535 con^ses four 
^nsducers 536a^ coupled to a connector disc 537. Connector disc 537 includes a prvo 
point 538 that is used to ddve a power shaft. More specifically, pivot point 538 rotat^ly 
coupled to a crank pin passing .herethrou^ for transferring deflection of transducer 53^ 
, intorotadonofapowershaftabou.axis539. Each transducer 536 includes an electroacttve 
polymer whose plane is substantially parallel to axis 539. FIG. 3F also shows a housmg 540 
tol provides stationary support for the distal ends of transduces 536a-d. 

Motors of the present invention comprising multiple linear transducers and/or linear 
actuators may be described according to the arx^gement of the transducers about the power 
0 shaft. In one embodiment, transducers are aUgned about a power Aafl in an opp<«ed 
arrangement wim all transducers cast i. a common plane in two side rows ^out the power 
shaft, each opposite the power shaft In anoUrer embodiment, Queers are ahgned about 
power shaft in an in-line arrangement about the power shaft. In ye. another embodnnen, 
Lsducers are aUgned about power shaft in a Vee about Ore power shaft. wiU, two ba^ of 
„ oncers mounted in two h^e portions about dre power shaft ™.h a Vee ^gle be^ 
U>em Transducers in the Vee may have an angle between about 0 degrees and 180 deg^es. 
Muld-input motor arrangements are well-known to one of skill in the art and not detatled 
herein for sake of brevity. 

Motors of the present invendon may also comprise a monoUthic transducer that 
.„ provides power to rotate a power shaft. In this case, multiple acUve areas of the monohth.0 
tamsducer provide independent forces fbr rotating the power shaft. 

FIGS 3G-3H iUustrate a flx.nt view and a side perspective view, respectively, of a 
motor 560 comprising a pluraUty of acdve areas on a monohthic dansduce in accordance 
with one embodiment of the present mvention. Motor 560 includes a monoUthrc transducer 
,5 comprising four acdve areas 562a-d symmetricaUy arranged around a center pomt of the 
monolithic transducer. Crank pin 568 is attached to a crank arm 565 that transmrts fbrce 
between the orad= pin 568 and power shaft 563, Tire monoUthic transducer deflects crank 
pin 568 along a circular path 569. ttrus rotatmg power shaft 563. TTe center pom. of orcular 
path 569 corresponds to the cento point of the monohthic dansducer as weU as the center 
30 point and axis of rotation for the power shaft 563. 
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Each of S>e active areas 562a-d includes «,p and bo«>m el.c«odca 564a-d a«ached .0 
a polymer 561 on i« .op and bo«om surfaces respectively (only ti>e electiodes 564a^ on the 
^gsurf^eof.hepolyn,er561 areiUus^led). -me electiodes 564a-d each prov.de a 
volUge difference across a portion of *e polymer 561. A first active area 562a ts fon^ed 
witi. L two first active area electrodes 564a and a first portion 561a of d>e electtoactive 
polymer. Similarly, a second active area 562c is fonned with tire two second active area 
electrodes 564c and a second portion of tire electioactiv. polymer 561c. A smular 
arrangement applies to the active areas 562b and 562d. 

The electrades 564a^ aud their corresponding active areas 562a-d are symmetricaUy 
andradiallya.rangedttrecenterpomtofci^ularpati.569andpowershaft563. 

correspondingly, tire elasticity of the active areas 56aa-d is balanced about power sta* 563. 
AS will be described below, the circular path 569 conesponds ,0 a paflr of substantiaUy 
constimt elastic potential energy for tire monolithic transducer of FIG. 3G. 

A substantiaUy rigid fiame 567 is fixed to tire perimeter of tire circular polj^er 561 
„3ing an adhesive. Crank pin 568 is attached to a cential portion of polymer 561. Cn^kpm 
568 defiectton relative to tire rigid ftame 567 is tirus guided by deflection of tire central 
portion It should be unde^od titat tire ceatial portion of attachment beti^een tire crank pm 
68 and tire polymer 561 may be any portion of ^e polymer 561 betwe«r tire active ar^ 
562a-d Crank pin 568 tirus defle^s via tire central portion as determined by actuation of 



20 active areas 562a-d. 
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active areas joz-a-u. 

^<oo TTinvPQ rrank oin 568 down. Actuation of the active 
Actuation of the active area 562a moves cranK pm doo uu 

V to the left Actuation of the active area 5 62c moves crank pm 

area 562b moves crank pm 568 to me len. /^oiuauuxi 

^:!p Acti.ationoftheactivearea562dm„vescrankphr568.otheri^t. When electnca. 
energy is removed fiom tire electrodes 564a, cra.^ pin 568 elastically retirms up « .« 
posil before actuation of tire active area 562a. A similar elastic remm occurs for tire otirer 



active areas 564b-d. 

me active areas 562 are arranged relative to each otirer such flrat elastic energy of 
one active area f^Utates deflection of another. The active area 562a is arranged relative to 
Z active areas 562c such tirat elastic energy of tire active area 562a may faciUtate deflection 
of tire active area 562c. ht tins case, contiaction of tire active area 562a at least partiaUy 
^iUtates expansion of tire active area 562c. and vice versa. More specifica^y deflection of 
tire active area 562a includes a di^on of contraction ti^at is a. least partially hnearly 
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aU^ed wi* a dixeoUon of expansion for *e active area 562o «>wanls to active area 62a. 

ano«>er embodimen.. to active area. 562a-d are no. grouped in*, opposing parrs, to order 
for to elastic energy of one active area «, fecili«e to deflection of anotirer active are.. « 
™y only be necessary for to active areas share motion in a conamon Imear d^^tion. In tins 
Jy to polyn-er of tiansducer 560 could have .wo. toee. five or any nunrber of active areas 
JLged such tira. to motion of one active area ^ a direction witir .ha. of anotor area. 

Active areas 562a-d may be actiu.ted sequentially to move crank pin 568 along 
circular pad. 569. To achieve te, to active areas 562a-d are actirated sequentially m a 
amely mam,er. For example, cr^ pin 56S may begin a. i. lowes. vertical P-"- -^ 
^ec .0 to embodiment shown in FIG. 3G. Electtical energy is tiren supphed U> electiodes 
56lb while active ar^ 562a elastically contiact. forcing crank pin 568 to r„«e ciockwrse. 
After crank pin 568 routes clockwise past its tehest position ftom active area 564b. 
electiical energy is ti,en supptied to electiodes 564c while active area 
S crank pin 568 clockwise rotates past its furflres. position fiom active area 564c. ele^tcal 

Tgy is ton supplied to electiodes 564d while active area 562c contiact. A simrlar timmg 
:Zedu.actiL.tootirerac..veareasti>pr«iucetocircularpa.h56.Tbrsseque^^^^ 

clocLse actuation may be r^atedly perfcrmed U. continuously move crank pm 568 along 
the circular patir 569. Continuous circular motion of crank pin 568 provides continuot. 
Clockwise rotation of to power shaft 563. The active areas 562a-d may also be actuated 
sequentially to move crank pin 568 counti^-clockwise along circular pad. 569. 

Each of to electiode pairs 564a-d are arranged such that toy provide independent 
electiical communication witi. each of to active areas 564a-d. Independence of to 
electiodes 564a-d allows electiical energy to be separably suppUed to (or removed fern) to 
electiodes 564a^; .hus aUowing independent contiol and separate actuatton for each of to 
active areas 564a-d. In anotirer embodiment, two or more electiodes for a monohthtc 
transducerincludedinamotorareelectricallycoupled. h, a specific embodnnent. 
electiically coupled electiodes are included in a common electiode. A common electrode r 
an electiode to. is capable of elec«caUy communicating witi, more ton one active a^a of a 
^ucer. in many cases, a common electiode aUows monoUtiuc tians^ucers and mo^o- - 
be implemented with less complexity. Alt^natively. a common electiode may be u^ ti. 
!:;uItiaUy actuate multiple active areas accotding ti. a propagation of to electircal charge 
through the common electrode. 
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Fia 31 and 3J iUusttate opposite rides 571a and 571b. .espectively, of a motor 570 
comprising a monoUftic transducer in acco,dance with another embodiment "f 
inventioa Motor 570 includes a monolithic transducer comprising a common electtode 572 
onthefirs.side571aof anelectroactivepolymer574(FIO. 31). Separate electrodes 573a-h 
are deposited on the opposite surface 571b of the monolithic transducer (FIG. 3fl. Ute 
monolithic transducer of motor 570 is coupled a crank similar to the monoUtoc transducer 
of motor 560 of FIG. 3G and comprises a crank pin 568 attached to crank arm 565. Crank 
arm 565 transmits force between the crank pin 568 and power shaft 563, which does not pass 
d^ough polymer 574. The monolithic transducer deflects pin 568 along a circular path 
569 and is attached on its perimeter to a rigid ftame 567. 

common electrode 572 aUows electrical communication with multiple active areas 
for polymer 574. Common electrode 572 and separate elect«.des 573a-h areptcvided to 
produce a voltage difference across multiple portions of polymer 574. Separate electrodes 
573a-h are shown wiU. relatively Urge spaces between them for clarity, but it is understood 
that are individual electrodes can be larger to make more optimal use of the polymer 
consisted with the need for electrical isolation. Each of the eight active areas 575a-h ts 
individuaUy fonned by each of the eight separate electiodes 573a.h, a portion of the c^on 
electrode 572 substantially close to tire separate electrode, and a portion of the polymer 
flrerebetween. Electiical communication with each of (he active areas 575a-h may be 
independently achieved using tite common eleetiode 572 and one of the separa^ electr^^ 
573a-h. For example, active area 575b may be independently aetirated usmg eleetiode 573b 
and the common electrode 572. 

Each portion of the polymer corresponding to tire active areas 575a-h deflects in tite 
plane of tire polymer 574 wittr a change in electiic field provided by the common electrode 
572 ^d/or one of tire separate electiodes 573a.h. For example, the aetitationof active area 
575e (FIG. 3J) using eleetiode 573e and ti>e common eleetiode 572 eaua« P»>=-« 
between tit. titese electiodes to locally expand in ttte plane, as illustiated m FIG. 3K. Wh« 
electiie energy is removed ftom active area 575e, titere is insufSeient electiical energy m the 
active area 575e to maintain deflection and elastic retion of polymer 571 returns tire active 
area 575e to its resting state (FIG. 31). 

In one embodin^ent, the electrical energy for actuating each of the active areas 575a-h 
... • ^iPrtrnde 572 In this case, electrical energy is suppUed by a lead 

is provided usmg common electroae d ni imo vao , 
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576 a. me taitiating end 577 of common electrode 572 ^ Hows to distal end 578. As 
electrical energy flows ^ common electrode 572, each portion of the polymer 
corresponding to the active areas 575a-h deflects when it has sufficient electncal «>ergy. As 
charge provided by tire lead 576 flows cotmterclodcwise tiirough common electrode 572. 
portions of polymer 574 having sufficient electrostatic energy wUl deflect in turn accordmg 
^ a counterclocl^^e propagation of tire ch.ge. 1^. when charge irr tire common^ 
electrode 572 reaches tire hottom portion of common elec,.>de 572. polymer 574 deflects as 
Ulustrated in FIG. 3K. Crank pin 568 is located ahead of the local propagating polymer 
deflection is forced to rotate counterclockwise around tire power sh^ 563 -^'-^^ 
counterclockwise ti^ough tire common electiode 572. Again, aportion of polymer 574. 
as an end or edge of polymer 574, may be grounded, attached to a fixed element, or 
otirerwise fixed relative to power shaft 506 rotation. In anotirer embodiment, a common 
electrode 572 is deposited onbotii sides of polymer 574. 

Figure 3J illustrates Ore electrodes such tt«t it appears ttrat tire electiodes are 
pattemed evenly and then tire shaft is connected. More typicaUy; ti.e electrodes are ev^ 
attemed on the polymer, pin 568 is comrected a. tire center of tire polymer and tir^ 
„ that shaft 563 is now at tire profile cent.. Functionally, tins will make crrcular pad. 569 
constant elastic energy patir to first oMer. In tire Figure 31 illustiation, tins arrang^^t 
would show tire electiode 573 nearest pin 568, i.e. electrode 573h and active are. 575h. 
compressed, and tire opposite electiode 573h and active area 575d stietched] 

Altiiough FIGS. 3I-K show a crarik pin included a rotary motor coupled to only a 
single monolifltic ttansducer, the present invention may include multiple monohtinc 
transducers ttiat drive a single crank pin. 

FIGS 3L-3M illustrate a side view and a fix.nt view, respectively, of a mott>r 580 in 
accordance witi. snotirer embodiment of tire present invention. Motor 580 comprise tirree 
monoUttuc tiansducers 581, 582 and 583 rotably coupled in parallel to a era.* pm 584. 
MonoUtiuc tiansducer 581 comprises two opposing and symmetiic active areas 585a and 
585b Monolitiuc tiWucer 582 comprises two opposing and symmetirc active areas 586a 

_ . . ^ c^ryA c^miTnetric active areas 



3 



585b. Monoliimcuransuuoc^i ww*^t. - , 

and 586b. Monohtttic tian«i«cer 583 comprises two opposing and symmetirc active a^ 
587a and 587b. MonoUtitic tiansducer 582 is rotably coupled to crank pin 584 at a 60 de^ 
rotated angle relative to coupUng of monolititic transducer 581 to crank pm 584. Smntaly. 
nronolitinc tiansducer 583 is rotably coupled to crank pin 584 a. a 60 degree rotated angle 



SRI1P030/ US-4149-4/JKWAVJP 

34 



10 



15 



20 



581 arc cfflet from active a«as 586 o„ monoUthic «ansdu«r 582. as Ulus^ted u, FIG. 3M. 
S^y acUve a^ 587 on mo„oU.Mc U^.o. 583 aro tatoer o«e. from ac«ve a«aa 
"™oU«.c — 582. ^o.^.r^^.^^^^-^'^-^^l^' 

so «^ each ^to^r layer drivea *e crank am. wi* a motion orfl^ogonal ,o *e 
crank arm, as is done in many automotive engine multi-cylinder systems. 

Since ti.e monolithic — ers of FIG. 3G may produce uneven power distiibution 
for rotating crank pin 568 about power shaft 563. offsetting active a^ as illustiated m 
FIGS 3L.3Mmayproduceamoreconsi.tentflowofpowerformotor580. More 

speciflcally. active areas 585a and 585b may produce less defrection -^^"^ » — 
589a than orthogonal direction 589b. Similarly. monoUtitic transducer 582s 
increased power in a direction between tireir respective opposing active areas. By offsetting 
the active areas and power distribution for each monoUthic transducer as shown, a more 
consistent and continuous flow of power fbr tire motor 580 may result, titus reducmg dead 
spots in rotation of crank pin 584 and corresponding power shaft 589. 

Although FIGS. 3 A-M show one or more transducers coupled to a single crank pin. 
n,o*,rs of tire present invention may include multiple crank pins, or multiple tiuows. each 
coupled to one or more transducers. 

FIG 3N illustrates a top perspective view of an exemplary motor 640 comprising a 
plurality of cranks arranged substantiaUy equally about a crankshaft 641 in accordance wth a 
Uc embodiment of the present invention. ..e six crank crankshaft 641 mc^d^ 
lank pins 642a-f set 120 degrees apart, witi. each crank pin dedicated to a smgle tr^J^ 
644. Ire specifically, era.* pin 642a is dedicated to tran^ucer 644a l^"™* 
pin 542b is dedicated to transducer 644b (transducer 2). crank pin 542c .s dedrotted to 
Lducer 644C (transducer 3, c^ pin 542d is dedrcated to tiansd.. — ^ 
crank pin 542e is dedicated to transducer 644e (transducer 5). and crank pm 542f .s de,bcat«l 
to transducer 644f (transducer 6). The crank pins for trWucers 1 and 6. 2 and 5. and 3 and 
4 are in line with each other, as illustiated. To provide a continuous flow of power for 

641. the transducers activate in the following order: 1-5-3-6-2-4. Agam. a portion 
„ of each polymer 644. such as an end or edge of each polymer 644. may be g«>unded. 
atuched to a fixed element, or ofl>erwUe fixed relative to fl.e power shaft rotation. 
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The present inv«.aon may encomp^» any sutable n»=aber of cranks ananged m a 
stable ma^er ^und .,e power shaft. In one en.hodin.ent. .ransdue^ are ana^^ 
around .he power shaft such .ha. mey coun.e*aIance each oflrer. Crank arrangements are 
well-known in the art and not detailed herein tor sake of brevity. 

T,.eerankpins642area.taehed.ocrankshai,641. ^^^^'''"^'^^^l^^ 
oun,ut of crankshaft 641, amechanism is used to assist rotation of Ore ^"^""-^ 
clTflywheel ^ is mounts U, crankshaft 641 to assist rotation hereof Flywheel 646 
Zns Itional energy during power impulses of transducers 644 and rel^s th.s en.gy 
between power impuUes. thus assuring less flucmation in motor power and/or sp^ and 

oti^t. The size of flywheel 646 wiU vary with the ninnber ot 
10 smoother motor operation. The size oi uywnc „f transducers 

f<.i,^rr,r.tnrfi4.0 With a large number of transducers 
ttansducers and general construction of the motor 640. Witn a g 

and to consequent overlapping of power impulses, there is less need for a flywheel, 
5 :le,uently.;ywheel646canbereducedinsi.orehminated. ^'^j^l^^J^ 

% is useftU when a load attached to motor 640 is changmg m force. In ttas case, flywh 

8 ,5 helps smooth out the speed variations inm^duced by to load vanahons. 
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FIGS. 30. 3P. and 3Q iUustrate a top perspective view, a iron. view, and a s.de v.ew. 

0 respecdvely. of a modular rotary motor 660 in accordance with ano«.er embodimen. of to 

1 rsentinvLon. Modularmotor660compHsesap.uralityofmodularcra„ksarranged 

a Lhs.antiallye,uallyabou.acrankshaft661. - ^own. —ft 661compnses^ 

S ao cranks having crank arms 667 and 674 set 180 degrees apart, ^h '^^^^^ 
crankpindedicatedtotwotransd«cers^damodularhousing665. ^"^f^'j^ 

about axis 663, which corresponds to to axis of rotaUon for each of to crank arms m motor 
660. 

A first crank comprises crank pin 664, crank arm 667. ^d «,o transducers 662a*. 
^ Each transducer a62a-b is rotably coupled at its proximate end to crank pin 664 ar^^h 
notably coupled at their distal end to housing 665a. More specifically, transducer 662a ,s 
llcoupled.ocrankph.664viaabearingandrotably coupled atitsoth^end.ho^^ 

665a via pil joint 670a. Housmg 665 provides support tor each otto transducers n»lud«l 
a^hed IL and includes radial supports 66S rotably coupled (via bearings no. *own, 
30 WiU. crankshaft 661 .0 pn,vide suppor. for crankshaft 661. Transducers 66^-b are 
symmertcally arranged such to. toir resting position coincides with axis 663. 
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A second comprised crank pin 672. c™* arm 674. and two transduc^ 676a-b. 
Each ttansducer 676a.b is rotably coupled ar iu proxim«e end ,0 crank pin 664 and «ch 
" upled a. .heir di..a> end U, housin. 665b. Transducers 676a.b are synrnremca.^ 
:^^lu.rU,e.resri„SPOsiaoncoincides.idra^663.andro«.ed90degr^^^^ 

LLers 662a-b .0 provide consistent and e^tinuous flow of power for crankshaft 661. 

Tie plane of each transducer 662a-b and transducer 676a-b Ues perpendicular ^ axis 
563 one adv^ge of the motor 660 is that each crank and housing 665 is substanf^ly 
planar and relaUvely thin. This aUows modular expansion and addition » 
More specifically, as seen in HG. 3Q. by addmg more crank pms to crankshaft 66Mn^ 
a^acbilg more housings 665c and 665d in p^aUe, motor 660 may — ^^^^ 
electroactive polymer powered cranks in paraUel in order to mcrease or smooth d.e fi,rce 
output over the two crank system shown. 



6 ENERGY FEATURES 

ElectroacUve polymer material provides a spring force during deflection Typ^ally. 
polymer material resists deflection during acmation because of the net increase W 
acuC and inactive .eas) in elastic energy. Removal of flte actuation voltage and Are 

^*fi.^tc Tn peneral when actuation voltages and any 
mauced charge causes the reverse effects. In general, wucu 

:^I^tadLeremoved,e,ec«acavepolymers.orportions,hereof.e.astica.yret^ 

trll, position, in one aspect of the present hrvention. elastic properties of one or more 
"of llectn-active polymer, and any energy conMbution of external 10^^ 

to assist power shaft rotation. 

^ one embodhnent. a motor of «re present invention is arranged such that deflection 
of a polymer in response to a change in eleotHc field is a. least partially assisted by 
^ecLTa. ir^ut energy. As the t™ is used herein, mechanical input energy refers^ 
mechanical energy that contrib^es to deflection of a porUon of an electroactrve polyme . 
^^^hamcal^putenergyprovidedtoaporaonofanelect^activepolymermaymc^ 

Lc energy provided by another portion of the elect^active polymer. ---^ 
elec.oac.ive polymer, a spring, etc. The m^hanical input energy may also -.»ie 
provided an ex.emal load or mechanism coupled to dre electroactive polymer e.g. a fl^hee. 
Ipled to the power shaft 563. T^e energy may also be provided widrou. usmg a separate 
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aevioe. by e.ploiUng ^ — energy stored in fl>e shaft or by exploiting .he 

ineitial energy of the polymer mass or comiection mass(es). 

ely. the sum of elastic energy in a transducer or motor at a given msts^t of 
«„,e may be refers to as «.e elastic potential energy ofthettansducer or motor, EteUc 

. Xlenergymaybeusedtodescribetransduoersandmotorsoft^^ 

methods of deflecting *ese transducers and devices. In one embodnnent^ a mo^^ 
arranged such that deflecHon of an electroactive polymer is suhs.ant.aUy '^^'^ 
Tasti potenUal energy. In U.S case, changes in elastic energy of one or more ^*o^ o^ an 
electroL«vepolymerarebalancedby«,echangesn>elasticenergyint^rem»^^^ 

« tran^ncer or motor. Since the deflection does no. cause a snbstannal change m Ure net 
' I^c po.en«aI energy of the dev.ce. the deflection can he made ^th rela^vely h«e n,ut 
electrill energy, even though the individual elastic 6>rces interna, to the dev.ce nn^ ^ 
^ reladvely larger. Mechanical input energy and substantially independ^. elasUc po.en«al 

§ Lin are described in ^ detail in cop^ding US. Patent AppUcaUon No. 

a 15 09/779.373. which is incorporated by reference for aU purposes. 

5 The motor 560 of FIO. 3G may he used » demonsttate mechanical input ener^ and 

° substantially consUm. elastic energy deflection in accordance with one — ^"'^ 

present invenUon. Tie motor 560 includes an e,uipoten.ia, line « 
path 569 assuming the cr^ pin 56S is initially connected to the exact center f the Mm m 
tsrelaxedstate.*endeflectedtopath569.men.heac«veareas562m„ve«.e^P». 

568 along circular path 569. elastic potently energy of the motor 560 .s substanually 

i^ependent of the position of U.e cran. pin 56S on circular path 569. m oth. wo* th 
Jcpotent^»ergyofthemotor560remainssubstantial.yc„ns«n.as«^368 

moves along circular path 569. This is apparent hec^e if oranlc pm 568 . mrhally 
com.eoted ,o d.e cent, of the relaxed fiUn. then any pom. along circuit path 69 
eorresponds to d.e same deflection of the relaxed center. Jus. in diff^ d.^ - Smce 
arc fihn is symmetric, the deflection of to pin 568 about dte center m one dnectton w.11 
; , tproxr^ely the same total elaatic energy as a similar deflection about ^e center m a 
Lrl direction. elastic energy would be exactiy the same for a perfecfly elas^ fi.^ 
,ut creep and other non-Unear effects ma.e the e<nnUi.y only approximate. As a r«ul. of tins 
ltic:ergybalance,e,ec.ricalinputnsedfor — ofto^^^^^ 
overcome elastic energy of the polymer 561 as the crank pm 568 moves along cr 
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569. 
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U one ™bo«. *c cran. of .o.or 560 is a ^^^^V '^'^ 
constrain. 4at oonsttain. fl.e dcfiocSon of the era.* pin 568 along OTCular patt. S^. r^ 
™.on eon^^ain. provides «>e necessary forces perpen<Uc„lar . oirc«.ar pa«> 569 a, 
any given point to of&et the elastic forces in that dnection. 

DeflecUon of *e motor 560 includes .eoh^nca. input energy *on> diff^^t porUons 
of the polymer 561. The mechanical input energy includes elastic energy contnbunons 

IXcouti^tions and e^ansions of each of the active areas 56. an^^rh^^f- 
polymer 561 outside the active areas 562. A motion constrain, such as ^ 565 does 
provide any mechanical input energy by itself, hut it provides mechamcal for«s 
Ipendicu ar to motion on an e,uipotentia, elastic energy lute to assist -n-on » 

L motion to a pati, of suhstanti^ly constant elastic energy, and th<«hy e^ the n^ 
: : exp^o^andcontractionofthepolymertoprovidetireseforc^. Theamo^^ 

.echanicalinputenergyandtimingofactuationmayvary.Inoneem^e^^^ 
mechanical input energy provided by different portions of *e polymer 561 .s^bs^ua. 

„ the elastic energy required to deflect the first active a.a 562a for 
action. ^ mother embodiment, tire total mechanical input energy provtde^ V ~ 
portions of the polymer 561 is substantiaUy cual U. the elastic energy recurred . fl^. «re 
L active area 562a for an entire deflection corresponding to an acti^tion of one of tire 
active areas 562. 

. 1 fi, '^M the change in total elastic energy for stretching 
For deflection along circular path 569, the change in i 

PO.O,. Of the polymer 361 dtning acmation of "^^^C 

substantially e,ual to the ^ » ZTZtZT^^^^-^ ~ 
portions ofthe polymer 561. With the elastic encigy 

of tite polymer 561 along ci^ul. path 569. ti,e mechanical output energy for motor 560 rs 
!!L o^given input voltage compared « an arrangement where tire elastic ener^ .s no^ 
greater tor a g. P flwheel described above) coupled to crank 

balanced. In addition, an external load (e.g.. the tlywne 

pin 568 may also assist the crank pin 568 to p»vide an alternate source "'^^^^^ 
pm 568 m y ^ ^ ^^^^ ^ 

overcome changes m elastK enerB^^ J" ^ ^ 

make oin 568 move around cncular path 55y m spue ui o e , ^ ^ „f 

„ rrlcetireamountofelasticenergytiratneeds^beprovidedbyelectiicalactuationof 



the polymer. 
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^ active area may include multiple directions of coupon and expansto. 
Correspt^lgly. elastic «.ergy generated during actuation of one -«ve area may u^ ^ 
"defllL of more ..an one otKer active area. For mot. 5.0. .tive 
a^^cd relative to eacti ottier sue. tl. elastic '^-^^^2::::^^Z.^ 
3 facilitate deflection of more than one other acnve area 562a-d m ^ 

■<• ..Iv ^tive areas 562a and 5620 are arranged such that conttacuon 01 
More spectfically, active areas 56 _ 5^20 in a direction towards tite active 

area 562a may faciUtate expansron of ^e ^ ^ „,«.e 

area 562a. In addition, active areas 562a and 562h - ^g ^^^^^ ^ 

active area 562a may faciUtate expansion of ttie active area 

10 active area 562a. 

Thetiming of deflection hetween active areas may affect elastic energy transfer 
.crehe:e...oUasee,asticen.gytiansfer.r.hemoti.5^ 
g .ay he actir^ed at a high enough rate such that elastic re^of »^ ^ ^^^^ 

I deflection of more than one active area — .^,1^^^ 



Q 15 



deflection ot more mou ux.. ^^^^^y 

Ot.** direction of actuation. For example, to iuk^ls^o^ 
areas having more than one direction o ,.„,tive areas 562b and 561c may begin 

« „,»ao ';fi9h and 561c, actuation of active areas 3o^u <ui 
transfer to tite active -- 562b ^ 56 ^ ^^^^ g^,„,e, 

actuation during elastic rewm of active area 561a. m ,„d 562c acttiated 

auring actuation of active area 562a is tiansf^ .o two active areas 562b and ^ 
lereler. A stinilar timing may be continuously appUed as tiie acUve areas 562a-d are 

£0 20 actuated in turn. 

For flie motor 560. tiiere is a complementary nature of tire active areas 56:^-d on 

roiLuoiiA wi..^ arp^as and transducers j 
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For the motor ;3ou, uiwi*^ w^**-^-- - , j „ o 

■ I of tiie crank pin 568. It should be noted that active ^ a^l transducers for a 

r—upedi— ^^^^^^^ 

11 More specifically, three active areas arranged around the cranlc pm 56 at 20 degree 
tlals (or trlducers as in PIG. 3N) may still employ tiie elastic energy b«d 
.echanil input energy features described above. In tiiis case. ^^^^^^^ 
area/tiansducer is paired «iti- tiie oontiaction of more tiian one other acfve area/tran 

hi anotiier ^bodimen, multiple electioactive polymers h. a motor are ar«^ed such 

Urat elasticity of die polymers is balanced (e.g. FIG. 3B). Further, active areas onthe 
that elasticity 01 m p ,u,h„th. active areas are elastically balanced (e.g.. 

multiple polymers may be arranged such that the active areas 
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. 1, Hi«,ent a olurality of active areas are symmetrically arranged 
T7Tr- i.\A\ Tn vet another embomment, a piurauiy UA « 

FIG. 3M). In yet an Advantageously, transferring elastic energy 

on multiple polymers of amotor(e.g.. FIG. 3N). ^ venerated by electrodes to 

r^;«of^ tVip need for electroactive forces generaiea oy 
bc^veeu polymers may eUmmat. to need tor cases, elastic energy 

nv»«,me some of the elastic resistance of one of the polymers. 

iLternalmechanismsmayhcusedtotransferelasticenergyofonepolymertoanoth. 
The mechanisms may include cables, belts. puUeys. levers, etc. 
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7. PERFORMANCE 



performance of a motor described herein may be described simUar to conventtonal 
motor desi^s by parameters s.h as force ou.n. power output, weigh. e„.^^ 
perfonnance of motot. comprising an elecUoactive polymer may also he de^nbed wrth 
parameters that may not he present in many conventional motor technologtes. 

unlike convenrional motor technologies whose power generadon element provides a 
constant s«>l.e. it should be noted that electroactve polymers are capable ofprov^g 
Taryhtg deflection distances and stroke, ength. ..us. when coupled to a powers^ 
in:Ilinamotor.a.ransducerina«ordancewi.h,hepresentinven«on.scap^^^^^^ 

varying deflecuon distances and stroke leng^s. The transducer may then mclude a fe. 
L^on U.t rotates the power sha« a first ^oun. correspondh. to the ^-^2:^ 

a second deflection that rotates the power shaft a second amount correspondmg to *e second 
er^!Theseconddef,ec«onmaybegrea.erorlessthanU.efirs.denecUonandmaybe 
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used to vary the output of the motor. 



ElectroacUve polymer power«d motors may he characteri^ in .e,n« of to motor by 
i^lt or to performance of to motor in a specific apphcadon. *^ 
performance of a motor by itself may rel^e to to material properUes of to polymer 
included therein as weU as to particular motor design. 

AS menttoned eaxUer wi* respect FIG. 1 A. when a polymer expands as a result of 

electrosturforces. it conthrues to expand un« mech^cal forces balance to el— 
:::drivingtoexp=msion.Whenaloadisat.achedtoamo.oroftopr..^^^^^^ 

mechanical effects provided by to load will mfluence to force balance and deflecUon to 
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, ^.temflu^n,«tionofmeou4,u.powshaft. For exan^lc. if Reload 

polymer - and thus inuuenc ^ „ ,w .i-*oaotive transducer may not 

...sts rotaaon. deflection of the pow« ^^^.T.^,^ for the tran^ucers driving 
J fi +0= «,iirh as if were there no load, if the loaa is rou 1015 
deflect as much as II were Tonventional electric motor 

.epo.er.a«...emotormays.aU.as^.^^ — ^ 

^o:o,es ..at '^'V — c^-^^^^^^^ ,^e. these 

flowing at a Stall position. When left at as p ^ , ^^^^ the motor. In contrast, 

— -r — : — r.r:ron e— forces 
electroactive polymer powered motors of ttiep ^re power shaft of a motor of the 

- - - - ^-:rr;:r:: — wi. — , no 

^ ad— us. a^ids o— associated wit. 

conventional electric motor motors. 

• / f»in t« itQ maximum (or minimum) actuation 
The time for a polymer to nse (or fall) to its maxmium ^ 

pressure .s referred to as its response «me. — ^ -^^^It l and 
invention may accommodate a wide range 'espouse ^rltLlUseconds to 1 

^^guratron of the polymer, res^nse ^"^^7^ hy an 
second, for example. A polymer excted at a high rate may 

operational ftcouency. ^ - " "'"T^tToO kH. Thus. 

^e------ ytetrZr— CI--. 

) motors of the present mvention may have very g 

:„ one emhcdiment. one or more transducers included in a motor are ach^^ in 
^na:mode<e.g...hemotor.0ofnO.3O,Opem^g..^^^^^^ 

resonance using m^al. such - t:;!.,. p^.ymer m the 

allows energy available ftom the elasuc return to suy m^ ^ 
. fonnofresonan.modev.ra«on.r.^^^^^^ 

poorer — eustic return of transducer 
electroactive polymer, e.g., a sprmg uia 

.eperformanceofanelec.oac«ve.lymerm^r — 
-'"TTXritCn^eLrlAorappUeadons 

'° :'::::nir::icrha.iUmechanismmay.^^^^^ 

cotton of an electroactive polymer motor into hnear motion. For example. 
SKI1P030/ US-4149-4/JKW/WJP 
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...or. Line. — powe^b,ane>eo.oacUvepo^-^^^^^ 
include a .«oke independent of .he defonnaUon of *e ^lyn»^ M 

ic« hp ,.<ied to form a linear motor. For example, a polymer 
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8. APPLICATIONS 
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. '"•"^^^J^f^^^ ,„3en. inven^on n,ay find „.e in any 

for mowra. Broadly speakmg. m ^pU,ationa include toboties. 

appUoation requiring continaonsmechanieal output. Thes pp 



pumps, animatronics, etc. 



Due to the wei^t savings gained by using elect^acUve polymers in producing 
iCy - nrotor. .e ^. inventton U weU.su.ed .r^^^^^^ 

^uire a li^t wei^t ntotor. For »tan,le. .be present 

^licaHons .a. require a Ugbt wei^t motor.. --^^JHlessUations 
.^.performance ^m *e — ,,^„n is weU- 

for a Ugh. weigh., low rpm, and efBcen. moK. 

...ed for applications .bat require a motor ^ can ope., a. ^ ^l^,^,.,^. 
.orque. Purser, .be Ugh. weigh, gained by usmg a mo«« P""-^ 
,o.ymerallo„simprovemen..ma..P— 
to design. For example, remote-controlled cars that reiy 
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. , tnnnwer a Uehter vehicle -thus allowing a smaller battery 

may require less electncal energy to power a ligtxter v 

or the same battery to operate for a longer duration. 



9. CONCLUSION 

a. pe— as. and e,— «>at Ml wi*. the -2!;^"'""' 

:!ln .e« ae^Hbea in of . eve.. _ applied ™a.e„al — ^ 
,_Uove.oni,n„.^«...e.e»«eH.^^^^^^ 
electrode. It is therefore intended that the scope of the mvention shou 
reference to the appended claims. 
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